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Two-dimensional (2D) transition metal chalcogenides (TMDCs) are expected to play an important role in
next-generation optoelectronic devices. However, the properties of 2D TMDCs can be largely affected by
defects, and thus, many efforts have been made to characterize and eliminate the defects. Here, we investigate
defect-related trap states, particularly in large-area suspended WS2 monolayers at cryogenic temperatures, using
steady-state and time-resolved photoluminescence (TRPL) spectroscopy. We observed an intensive and broad
(full width half maximum ∼170 meV) photoluminescence (PL) emission centered at 1.83 eV, 0.3 eV lower
than the free exciton transition energy. From temperature-dependent PL spectra, the thermal activation energy
of excitons escaping from trap states is determined to be 30 meV. The TRPL spectrum shows an ultralong
lifetime at 13 K. The long-lived emission with the broad PL linewidth is attributed to excitons bound to defects
of possibly chalcogenide-site substitution and sulfur vacancies. Compared with the supported monolayer, the
defect-related trap states are found to be deeper in the suspended layer and can trap excitons more efficiently due
to less dielectric screening. In this letter, we provide further understanding of trap states and decay channels in
monolayer TMDCs and show that suspended 2D TMDCs can provide a pure platform for studying defect-related
properties.
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I. INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) have attracted great interest in both fundamental
physics and promising applications due to their excellent
properties such as high carrier mobility [1–3] and optical
controllable valley polarization [4,5]. These properties make
2D TMDCs promising materials for compact functional de-
vices such as transistors, photodetectors, valleytronic devices,
and spintronic devices [2,3,6–11]. Defects in 2D TMDCs
have been found to severely impact the performance of these
devices [12]. Point defects such as vacancies and atomic sub-
stitution produce midgap defect states, which can efficiently
trap free carriers. Excitons trapped at these defect sites will
form bound excitons (BXs). If radiative recombination is
possible, the BX will emit light at energies lower than the
transition energy of free excitons. This phenomenon has been
frequently observed in TMDCs such as MoS2, WS2, WSe2,
and MoSe2 [13–29].

Numerous efforts have been made to correlate the defect
structures with the corresponding photoluminescence (PL)
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properties. For monolayer WS2, Carozo et al. [17] showed
that monosulfur vacancies (VS) lead to two BX transitions
XB1 and XB2 and the XB1 (XB2) emission peak is ∼30 meV
(∼300 meV) below the free exciton emission. More recently,
using scanning tunneling microscopy, Schuler et al. [30]
found that the large splitting of ∼250 meV of these two defect
states is caused by spin-orbit coupling. They further demon-
strated that chromium substitution of tungsten (CrW) also
produces broad midgap defect states [31], whereas oxygen
substitution of chalcogen site (OS) and molybdenum substi-
tution tungsten (MoW) do not [32]. For other TMDCs, the
recombination of BXs has been attributed to excitons bound
to ionized donors, impurity, doped atoms, and adsorbates
[22,28,29,33]. Overall, the exact atomic origin of BXs emis-
sion is still not fully understood [12].

2D materials are highly sensitive to substrates, inter-
faces, and surrounding environments. Suspended 2D materials
can avoid the substrate-induced effects and thus would be
ideal for studying their intrinsic properties [34–36]. It is re-
ported that PL efficiency is improved in suspended sample
because the doping effect from substrate is avoided [34].
Although the PL of some suspended 2D materials at room
temperature has been examined, the PL properties of sus-
pended 2D materials at cryogenic temperatures are yet to be
studied.
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In this letter, we investigate BXs in the suspended mono-
layer WS2 at cryogenic temperatures by using steady-state
and time-resolved PL (TRPL) spectroscopy. At 13 K, we
observed an intensive emission centered at 1.83 eV, 0.3 eV
lower than the free exciton transition energy, and extending
>300 meV. This broad emission has an ultralong lifetime.
From the PL spectroscopy results and further scanning
transmission electron microscopy (STEM) measurement, we
attributed this broad emission to excitons bound to defects of
chalcogenide-site substitutes and sulfur vacancies. Compared
with the region on the substrate, we found that the BX emis-
sion in the suspended TMDCs is more prominent than that
in the region supported by the SiO2/Si substrate because of
weaker dielectric screening at the suspended area, resulting in
the deeper energy level of defect states.

II. METHOD

A. Preparation of suspended 2D materials

The chemical-vapor-transport-grown bulk crystals of WS2

were bought from 2D Semiconductors. To prepare the sus-
pended sample, firstly, the SiO2/Si substrate with the hole
array was patterned by optical lithography and plasma etch-
ing. To avoid optical interference and gas pressure-induced
strain in the PL measurement, the holes were completely
etched through. After that, a thin layer of metal (Au/Ti:
5 nm/2 nm) was deposited onto the substrate with hole array.
Then a new surface of layered crystal was cleaved by tape and
put onto the substrate surface. A large area of suspended 2D
materials can be exfoliated onto the hole-array substrate.

B. Steady-state PL measurements

The samples were cooled down to liquid helium tempera-
ture by MicrostatHires2 (Oxford Instruments). A continuous
532 nm laser was used to excite the samples. The laser spot
was focused to 1 μm in diameter by an objective lens (40×,
numerical aperture = 0.6). The reflected PL signals were col-
lected by the same lens, filtered by a 593 nm long pass filter.
The PL spectra were analyzed by a spectrometer (Kymera
328i, Andor).

C. TRPL measurements

TRPL were collected by a streak camera (Hamamatsu
C5680-04). The samples were excited at 558 nm by using
an optical parametric oscillator pumped by Ti : sapphire oscil-
lator. The repetition frequency of the femtosecond laser was
76 MHz, corresponding to a 13 ns pulse interval. The laser
spot was ∼1 μm in diameter. PL signals were filtered by a
593 nm long pass filter to separate the emission of the sample
from the excitation light.

III. RESULTS AND DISCUSSION

Millimeter-scale suspended monolayer WS2 was exfoli-
ated onto the hole-array substrate, using the gold-film-assisted
exfoliation method reported recently [37,38], as illustrated in
Fig. 1(a). The optical image of exfoliated monolayer WS2

on the hole-array SiO2/Si is shown in Fig. 1(b). The mono-
layer regions are marked with white dashed lines. Figure 1(c)
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FIG. 1. The fabrication and image of large area suspended
monolayer WS2. (a) Illustration of suspended monolayer WS2 on
prepatterned SiO2/Si substrate. (b) Optical image of exfoliated
monolayer WS2 on the hole-array substrate. The monolayer regions
are marked with the white dashed lines. The bright yellow flakes are
multilayer regions. (c) Photoluminescence (PL) image of large area
suspended monolayer WS2. (d) PL image of magnified monolayer
suspended region.

presents the PL image of the monolayer region obtained at
room temperature. The suspended regions show bright PL,
while the supported area is dark because the gold beneath
the monolayer quenches the PL [39]. Figure 1(d) shows a
magnified PL image of a WS2 monolayer on a single hole
with a diameter of 10 μm, where uniform brightness can be
seen.

We first measured the steady-state PL of the suspended
monolayer WS2 at cryogenic temperatures. A 532 nm contin-
uous laser was focused to a spot with the diameter of ∼1 μm
in the center of the hole to excite the sample. Figure 2(a)
shows the excitation power-dependent PL spectrum at 13 K,
where the broad PL emission centered at 1.83 eV (full width
at half maximum ∼170 meV) is the most prominent feature.
This emission peak is ∼0.3 eV below the free exciton energy,
and its width extends >300 meV. With the increase of ex-
citation power, this broad emission grows much slower than
free excitons, as shown in Fig. 2(a). Based on its lower energy
and saturation behavior, we attribute the broad emission to
the BX emission. Similar broad emission in monolayer WS2

at low temperature has been reported to be due to free ex-
citons bound to midgap states introduced by various sources
[16,22,40]. The assignment of PL peaks at 2.087 eV to neutral
excitons (X), 2.062 eV to negative trions (X−) and 2.041 eV
to biexciton complexes (charge neutral biexciton XX or neg-
ative charged biexciton XX−) is based on the literature, and a
detailed discussion is included in Supplemental Material Sec.
1 [41] (see also Refs. [42–46] therein).

The power law dependence of the PL intensity as a function
of excitation power for BXs and free excitons is shown in
Fig. 2(b). The PL intensity of a BX is integrated between the
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FIG. 2. Excitation power-dependent photoluminescence (PL) of suspended monolayer WS2 acquired at 13 K. (a) Power-dependent PL
of suspended monolayer WS2. (b) Power law fitting of emission peaks. The bound exciton (BX) shows sublinear power dependence with
k ∼ 0.28. (c) Comparison of normalized PL intensity at 100 nW and 1 mW excitation power. A 12 meV blueshift of BX can be observed.

photon energies of 1.97 and 1.63 eV, and the intensities of
various free exciton species are extracted by fitting using a
multi-Gaussian function. The relation between PL intensity I
and excitation power P is fitted by I ∼ Pk . The BXs exhibit
a sublinear power law dependence with k of 0.28 because the
defect states are finite and get saturated at higher laser powers.
The k of X, X−, and XX/XX− are 1.01, 1.19, and 1.37,
respectively, for which linear and superliner dependencies are
in good agreement with other reported studies [45,47–49].

As shown in Fig. 2(c), as the excitation power increases,
the emission spectrum shifts to higher energies with little
change in the line shape. When the excitation power was in-
creased from 100 nW to 1 mW, the blueshift reached 12 meV.
We interpret that this blueshift is due to the state-filling effect
of BX states, as higher energy levels of defect states are filled
with more photogenerated excitons. Eventually, the emission
of free excitons becomes stronger with the gradual filling
of defect states, as shown in Fig. 2(a). The spectral shift
caused by the state filling effect can be well modeled by the
Fermi-Dirac distribution for six orders of excitation powers,
as shown in Fig. S2 in the Supplemental Material [41]. This
interpretation is further supported by a temperature-dependent
spectral line shape analysis, that is, at higher temperature, the
Fermi-Dirac distribution curve becomes broader, as shown in
Fig. S3 in the Supplemental Material [41].

Figure 3(a) shows PL spectra of BXs at an excitation power
of 100 μW at different temperatures. The PL intensity of

BXs decreases with temperature increasing. The temperature
dependence of the PL intensity (normalized to the value at
13 K) is shown in Fig. 3(b). When the temperature rises to
100 K, the emission of BXs almost loses its intensity. At
room temperature, it becomes almost absent [see Fig. S4
in the Supplemental Material [41]]. The trend toward lower
PL intensity for BXs at higher temperatures suggests ther-
mal activated escape of these BXs from the midgap trap
states.

The normalized BX PL intensity I as a function of temper-
ature T can be modeled by the Arrhenius equation [50]:

I (T ) = 1

1 + (kA/kR)exp(−EA/kBT )
, (1)

where kB is the Boltzmann constant, EA is the activation
energy, kA describes the thermal dissociation rate, kR is the
radiative emission rate of a BX, and EA is determined to
be ∼30 meV between the excitation powers from 100 nW
to 100 μW. The relative rate of kA/kR is >500 [Fig. S5
in the Supplemental Material [41]], indicating the thermal
dissociation rate is much higher than the radiative emission
rate of a BX. We use numerical simulation to show the
robustness in extracting the value of EA and kA/kR from
Eq. (1), as presented in Supplemental Material Sec. 5 [41]. In
the TRPL measurements presented later, the radiative emis-
sivity is indeed found to be very low. The large kA/kR of
BXs means that dissociation is more likely than radiative

FIG. 3. Temperature-dependent photoluminescence (PL) of suspended monolayer WS2. (a) The temperature-dependent PL spectra of
suspended monolayer WS2 acquired at 100 μW excitation power. (b) The temperature dependence of the normalized PL intensities of bound
exciton intensity at 100 nW and 100 μW excitation powers (dots), and the Arrhenius equation fitting (lines). (c) Illustration of states and decay
process.
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FIG. 4. Time-resolved photoluminescence (PL) spectroscopy of suspended monolayer WS2 at 13 K. (a) At 10 μW excitation power, the
bound exciton (BX) emission is nearly static with a long-lived component, and the contribution from the free exciton is also noticeable. (b) The
integrated PL intensity of a BX between −200 and 0 ps (at the end of one pulse period, the time interval is 13.2 ns), and the intensity integrated
between 200 and 400 ps (at the beginning of one pulse period). (c) At 100 μW excitation power, the intensity of BX emission still maintains
with time decay, while the free excitons decay fast and take a larger proportion. The overlaid curve shows the dynamics of free excitons.
(d) The excitation power-dependent decay dynamics of overall PL emission in logarithmic intensity coordinates.

recombination, which explains the rapid PL quenching with
increasing temperature.

The thermal activation energy of these BXs (∼30 meV)
is found to be quite low, well below the 300 meV energy
difference between the free exciton and BX peaks. Consid-
ering the relatively low PL quantum yield of typical WS2

monolayers at both room temperature and low temperature,
we infer that some dark states, in which the excitons decay
nonradiatively, may exist above the BX states. Figure 2(a)
shows that the decrease of the BX PL intensity with the
increase of temperature is much larger than the increase in
PL intensity of the free exciton, indicating that only a small
fraction of BXs is converted to free excitons. A schematic dia-
gram of the energy states and associated processes is shown in
Fig. 3(c).

To further study the decay dynamics of the BXs, we mea-
sured the TRPL at 13 K using a streak camera. The sample
was excited by a 76 MHz pulsed laser at 558 nm (2.22 eV)
with a spot size of ∼1 μm. As shown in Figs. 4(a) and 4(c),
the BXs have remarkable long-lived emission. The repetition
rate of 76 MHz corresponds to a 13.2 ns pulse interval. During
the time between adjacent pulses, the BX emission is nearly
static. As shown in Fig. 4(b), the PL intensity of BX integrated
between −200 and 0 ps (at the end of one pulse period) is
almost the same as the intensity integrated between 200 and
400 ps (at the beginning of one pulse period), which indicates
a very long lifetime, i.e., a small emission rate, of these BXs.

Due to the time window limitation of our streak camera,
the lifetime of BXs cannot be extracted accurately in this
experiment. The PL lifetime of a BX is determined to be
∼1.5 μs by using a single photon detector, as shown in Figs.
S7 and S8 in the Supplemental Material [41]. The long life-
time of BXs is in good agreement with the relatively large
kA/kR determined from the temperature-dependent steady-
state PL spectra shown in Fig. 3.

At a higher excitation 100 μW, the BX emission still
largely retains its long lifetime, while the PL from free ex-
citons becomes more pronounced, as shown in Fig. 4(c).
The overall intensity decay dynamics in relation to excitation
power are shown in Fig. 4(d), where BXs contribute a flat
basis in the decay curve, while free excitons account for a
fraction of the fast decay with a short lifetime of ∼20 ps.
With increasing excitation power, the fraction of fast channels
grows much faster than the basis, illustrating the saturation
behavior of BXs, consistent with the steady-state PL shown in
Fig. 2(b).

Combined with steady-state and TRPL results at differ-
ent excitation intensities and temperatures, the behavior of
the observed BX emission can be well understood. At low
temperatures, most of the free excitons are trapped at defect
sites, forming BXs that radiatively decay to the ground state
at a very slow rate, while a small fraction of free excitons
radiatively recombine at a faster rate before being trapped,
as shown in Figs. 4(a) and 2(a). At increased temperatures,
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FIG. 5. Substrate effect on the bound exciton (BX) emission. (a) Comparison of photoluminescence (PL) spectrum from suspended and
SiO2/Si supported monolayer WS2, acquired at 13 K and 250 nW excitation power. (b) and (c) PL spatial mapping of BX and neutral exciton
(X) obtained by integrating the PL spectrum from 1.50 to 1.98 eV and 2.08 to 2.11 eV, respectively. The suspended area is circled by white
dotted line.

thermal energy helps long-lived BXs reach nonradiative trap
states. Therefore, the emission of BXs is effectively quenched
(Fig. 3). At room temperature, the BXs cannot form, and no
emission can be observed.

Furthermore, we investigate the effect of the surrounding
dielectric environment on the emission of BXs. A mono-
layer WS2 on a hole-patterned SiO2/Si substrate (without gold
deposition) was made using the polydimethylsiloxane-based
transfer method. The PL spectra of suspended and SiO2/Si-
supported monolayer WS2 were obtained at 13 K and 250 nW
excitation power, as shown in Fig. 5(a). The BX emission
intensity (integrated from 1.50 to 1.98 eV) of the suspended
region is approximately twice that of the supported region
[see Fig. 5(b)], and the free exciton emission intensity
(integrated from 2.08 to 2.11 eV) of the two regions is almost
equal [see Fig. 5(c)]. The suspended area is circled by the
white dotted line.

The density of defect states is independent of the underly-
ing substrate, whereas the energy distribution of defect-related
bound emission may be strongly dependent. It has been re-
ported that the trap state distribution is monotonically related
to the dielectric constant of the substrate [51]. The suspended
environment has the lowest permittivity, resulting in deeper
trap states and exhibiting more intensive BX emission. It is
reported that the doping effect can play an important role in
the recombination from charged defect states [22]. However,
we find the doping does not play a major role here since the
area ratio of excitons and trions (X/X−) is almost the same
at suspended and supported areas, as shown in Fig. S9 in the
Supplemental Material [41].

Lastly, we note that the broad-BX emission feature can-
not be eliminated by multiple heating and cooling cycles
in vacuum, annealing in a 10% H2/90% Ar mixture at 450
K, and laser irradiation. These observations suggest that the
broad peak is less likely to be due to external absorbers but
more likely to be due to natural defects in the WS2 crys-
tals. We did observe some point defects in our sample using
STEM, as shown in Fig. S10 in the Supplemental Material

[41], possibly chromium substituting tungsten and sulfur va-
cancy. It is reported that these two kinds of defects result in
a midgap trap state [30,31,52]. Since there could be trace
elements like Cr present in the WO3 and MoO3 precursor,
they may participate in the reaction of synthesizing the bulk
and few-layer materials. However, due to the relatively low
sensitivity of the x-ray photoelectron spectroscopy (XPS)
technique, no signal of Cr was detected in XPS measure-
ment, as discussed in Fig. S11 in the Supplemental Material
[41].

IV. CONCLUSIONS

In summary, we observed an intensive and broad BX emis-
sion in suspended WS2 monolayers at cryogenic temperatures.
Its intensity exhibits a saturation behavior with increasing
excitation power and fades away with increasing of tem-
perature. The TRPL spectra show the BX emission has an
ultralong lifetime. Its origin is attributed to excitons bound
to defects of chalcogenide-site substitutes and sulfur vacan-
cies. In supported monolayers, due to dielectric screening
of the substrate, the BX emission is weaker. In this letter,
we provide further understanding of defect states and decay
channels in suspended TMDCs and show that suspended 2D
TMDCs can be a pure platform for studying defect-related
properties.
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